ABSTRACT In this paper, we focus on the reliable network coded cooperation design for multi-way relay network (MWRN) with m users and one single relay, in which every user is supposed to exchange data with all the other m − 1 users (full data exchange) by the assistance of the relay. By reformulating the multi-way relaying network in the framework of error control coding, the LDPC based network coded cooperation design issue for MWRNs is presented. On the basis, the requirements, design criteria, and practical design were proposed to demonstrate how to devise reliable network coded cooperation scheme, such that every user is capable of reliably exchanging data with the other m − 1 users. Our analysis shows that the proposed LDPC based network coded cooperation design exhibits powerful error correction capability, especially when compared with the existing schemes. And the overall required number of time slots to accomplish the proposed LDPC based network coded cooperation scheme is 2m.
I. INTRODUCTION
Multi-way relay network (MWRN) has attracted considerable attentions due to its high energy efficiency and many potential applications. In a restricted MWRN, m (m ≥ 2) users need full data exchange through a single relay without any direct link between them 1 [1] . This setup is widely utilized in practical satellite communications and wireless cellular networks. Recently, it is shown that, a UAV (unmanned aerial vehicle) can serve as relay for its fast deployment capability and the favorable channel qualities [2] . Basically, the communication of an MWRN can be organized in multiple access (MAC) phase and broadcast (BC) phase, in which m users sequentially send data to the relay in the MAC phase, while the relay broadcasts the multiplexed messages from m users back to all m users in the BC phase. It is shown that, by carefully devising the multiplexing scheme in the BC phase, the full data exchange can be realized in 2m − 1 time slots [3] - [6] . One may readily observe that, the multiplexing scheme in the BC phase plays a central role if we hope to realize the MWRN.
The associate editor coordinating the review of this manuscript and approving it for publication was Cunhua Pan. 1 In this paper, we assume restricted MWRN only.
It is known that, network coding provides us an efficient transmission paradigm in network scenarios [7] , [8] . In two-way relay network (TWRN), by employing network coding at the relay, the data exchange can be accomplished within three time slots, in which each of two nodes will firstly take one time slot to transmit its data to the relay, and the relay broadcasts the XORed version of two received data back to two nodes in the third time slot [3] , [4] . Without network coding in the BC phase, four time slots will be needed to complete the two-way data exchange in TWRN for two users.
In [5] , it is proposed to employ linear network coding scheme to complete full message exchange in 2m − 1 time slots for the m-user MWRN, where the relay takes m − 1 time slots to broadcast m − 1 linearly combined data in the BC phase. It is proposed in [6] to use the network coding illustrated in Fig. 1 , in which the m − 1 linear combinations of the received data from the first user and the data from the other m − 1 users will be XORed before broadcasting in the BC phase. One may note that, the above network coding based relaying scheme in the BC phase may lead to error propagation phenomena, because the detections of all users except user 1 heavily depend on the detection accuracy of the data from user 1. And this is the reason that its achieved symbol error probability (SEP) performance is even worse than FIGURE 1. The network coding matrix in [6] .
that of the traditional non-networking based relaying scheme in MWRN, which is accomplished in 2m time slots. In order to alleviate the error propagation effect, the belief propagation algorithm is used in [9] to exploit the correlation between network coded packets in MWRN. Nonetheless, it should be addressed that, if no traditional error control coding is used, neither the aforementioned network coding based relaying scheme nor the traditional non-network coding based relaying scheme itself provides error correction capability, because there is no coding redundancy. Now the number of effective packets received by each user is equal to the number of its pronumerals m − 1. In adverse channel conditions, reliable network coded cooperation design for MWRN will become highly desirable. Most of the current research efforts do not consider the error correction capability requirements in the multi-way relaying network design yet. How to render the network coded cooperation scheme in MWRN with error correction ability would be an interesting and challenging problem, and this is exactly the motivation of our work in this paper.
Low-density parity-check (LDPC) codes provide us a powerful channel capacity approaching error control coding scheme [10] - [12] . Recent research results show that, the LDPC code can also be used in adverse channels with impulsive noise [13] , [14] . Moreover, the LDPC code can be used to noticeably improve the capability of the HARQassisted OFDM system against the contamination by impulse noise [15] . As a result, LDPC codes have been widely utilized in relay systems. In [16] and [17] , several practical LDPC code based relaying schemes were proposed for the singlesource single-relay networks. For the multiple access relay network, the joint network-LDPC coding scheme based on a generalized bilayer EXIT (Extrinsic Information Transfer) Chart algorithm was studied in [18] . A practical joint source-channel coding scheme based on LDPC codes was proposed for TWRNs in [19] , where the relay encodes the concatenation of the detected codes from two sources by employing a systematic LDPC code. Similar efforts can be found in [20] , in which the code design comprises of two irregular LDPC codes at users and one systematic LDPC code at the relay for TWRNs with direct link between users. The LDPC code based three-way relay system was investigated in [21] , in which the linearity of the LDPC code is utilized. It should be addressed that, all the previous research efforts did not attempt to exploit the network connection topology of relay networks in the corresponding error control coding scheme design. On the other hand, it is proposed to harness the inherent error correction capability residing in the network connection to formulate the adaptive network coded cooperation (ANCC) scheme in [22] . Recently, we have shown in [23] that, by properly regulating the network coding based XORing scheme in relay phase, we can tailor the network coded cooperation with favorable error control coding property. Inspired by the recent progress in network coded cooperation design, how to harness the inherent error correction capability residing in the network coding based multiway relaying network will become highly desirable. More specifically, we will focus on how to tailor the connection constraint in MWRN to realize the LDPC based network coded cooperation scheme.
In this paper, by reformulating the multi-way relaying network in the error control coding framework, the LDPC based network coded cooperation design problem is presented. On the basis, we address the requirements, design criteria, and practical design to demonstrate how to devise reliable network coded cooperation scheme for MWRN. Our analysis shows that, the proposed LDPC based network coded cooperation design exhibits powerful error correction capability, especially when compared with the existing schemes. And the overall required number of time slots to accomplish the proposed LDPC based network coded cooperation scheme is 2m. The remainder of this paper is organized as follows. The system model and the problem formulation were presented in Section II. In Section III, we firstly show the design requirements of LDPC based network coded packets for MWRN, then we present the design criteria and the practical LDPC based network coded cooperation design in order to highlight how to construct LDPC based network coded packets. In Section IV, simulation results are presented to verify the proposed reliable LDPC based network coded cooperation design for MWRN. Finally, we conclude our work in this paper in Section V. 
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL As illustrated in Fig. 2 , let us consider an MWRN with m users and one single relay, in which every user is supposed to exchange data with all the other m − 1 users VOLUME 7, 2019 (full data exchange) by the assistance of the relay. Moreover, we assume that there is no direct link between any two users. Both the relay and m users are assumed to operate in half-duplex mode with single antenna. The decodeand-forward (DF) relaying strategy is assumed. Basically, the communication of the MWRN can be organized in MAC phase (line with arrowhead in Fig. 2 ) and BC phase (dashed line with arrowhead in Fig. 2 ). In the MAC phase, each user i ∈ {1, · · · , m} sends its own data packet x i 2 (also referred to as source packet in this paper) to the relay in its scheduled time slot. While in the BC phase, the relay broadcasts the network coded packets (also referred to as relay packet in this paper) back to all the m users within the scheduled time slots. In this paper, the set of relay packets is denoted by {r 1 , . . . , r n }, where n is the number of relay packets. In the end, each user i tries to restore all other m−1 users' messages {x 1 , x 2 , . . . , x m }/{x i } based on its own message x i and the n received noisy relay packets.
B. THE PROBLEM FORMULATION
In this paper, we focus on the reliable network coded cooperation design for MWRNs. And one may readily notice that, relay packet design will play a central role. In the MWRN, each user expects to reliably receive the source packets from the other m − 1 users, namely, each user has to solve m − 1 pronumerals from its received relay packets. In the traditional non-network coding based relaying scheme, the relay broadcasts the detected m users' source packets back to all users in turn to accomplish the full data exchange, now n = m. While in the network coding based relaying scheme [6] , the relay transmits n = m − 1 network coded packets, and the network coding matrix is illustrated in Fig.1 . However, one may also readily observe that, the aforementioned two schemes have no error correction capability, because there is no redundancy when every user tries to restore its missed m − 1 source packets. Now the number of effective packets received by each user in the BC phase is equal to the number of its pronumerals m − 1.
In order to render error correction ability in the network coding based relaying scheme for the MWRN, we should try to figure out how to introduce the coding redundancy in the relay packet design. And this is the first problem that we should solve. Secondly, there should be a reasonable coding redundancy limit in order to retain the efficiency advantage of the MWRN. Now the reliable network coded cooperation design for MWRNs can be formulated as the following problem: how to devise the relay packet to fulfill both the reliability and efficiency requirements by all users in the MWRN?
Motivated by the idea in the ANCC design developed in [22] , we can reformulate the whole communication of the MWRN from the perspective of the error control coding.
The source packets transmitted in the MAC phase can be regarded as the system packets of the corresponding channel code, among which, its own source packet for every individual user stands for the shortened system packet [24] , while those unknown source packets from all the other m − 1 users can be regarded as punctured system packets [25] , because there is no direct link between any two users. The network coded relay packets broadcasted by the relay in the BC phase can be regarded as common parity packets for all users due to the broadcast nature. In detail, for each user i, the system packets are {x 1 , x 2 , . . . , x m }, where x i is the shortened system packet, while {x 1 , x 2 , . . . , x m }/{x i } are the punctured system packets, and the parity packets are {r 1 , r 2 , . . . , r n }. Now, we can redescribe the network coded cooperation scheme of the MWRN in error control coding framework. Every user i is supposed to restore its punctured system packets {x 1 , x 2 , . . . , x m }/{x i } by using the messagepassing algorithm based on its received noisy relay parity packets and its own shortened system packet. Because each parity packet is the linear XORing result of some system packets, each parity packet corresponds to one parity-check equation. One may readily observe that, the above reformulated problem resembles the systematic LDGM code [26] , which is a special class of LDPC code with the parity-check matrix as illustrated in Fig. 3 . Due to the common parity packets and system packets, all users have the same paritycheck matrix, even if their aims and shortened source packets are quite different. In order to better explicate the above problem formulation, let us consider a 5-user MWRN as an example. Example 1: In the 5-user MWRN, if the relay broadcasts the following 5 network coded packets of r 1 = x 1 ⊕ x 2 , r 2 = x 2 ⊕x 4 , r 3 = x 1 ⊕x 3 ⊕x 4 , r 4 = x 3 ⊕x 5 , and r 5 = x 4 ⊕x 5 in the BC phase, the system packet set and parity packet set for all users are {x 1 , x 2 , x 3 , x 4 , x 5 } and {r 1 , r 2 , r 3 , r 4 , r 5 }, respectively. The shortened system packets of the 5 users are x 1 , x 2 , x 3 , x 4 and x 5 , respectively. While the punctured system packet sets of the 5 users are {x 2 , 5 }, and {x 1 , x 2 , x 3 , x 4 }, respectively. The common parity-check matrix for all the 5 users is given by The aim of each user is to restore its 4 punctured system packets by using the message-passing algorithm based on its received noisy parity packets and its own shortened system packet. The resultant Tanner graph [12] can be shown in Fig.4 , where each check node c i (hollow square node) corresponds to the i-th parity-check equation (namely, the i-th row of the parity-check matrix), and each variable node v j (hollow circle node) stands for the j-th packet. Thus there are three kinds of variable nodes at each user, shortened system variable node, punctured system variable nodes and parity variable nodes. The element ''1'' of the parity-check matrix implies a connection (edge) between the corresponding check node and variable node.
Obviously, the above problem formulation provides us a new perspective to interpret the network coding based relaying design in MWRN. The key problem is how to design the network coding matrix to make each user be capable of reliably restoring its m − 1 punctured system packets. Motivated by the above problem formulation, we will highlight the design requirements, some useful design criteria, as well as the practical LDPC based relaying design for MWRN in the following Section III.
From the perspective of error correction coding, to gain the error correction ability at every user, the necessary condition of the network coding matrix is that, the number of relay packets received by each user must be larger than the number of punctured system packets m − 1. On the other hand, the number of relaying packets has a great impact on the achieved efficiency. In fact, more relay packets in BC phase will lead to more coding redundancy and better reliability, but less efficiency. Namely, there is a tradeoff between the achieved reliability and the realized transmission efficiency. In this paper, we assume n = m relay packets in the BC phase, such that the total number of time slots is 2m, which is equal to the required time slots by the non-network coding based relaying scheme. Although we focus on the case that n = m, one may readily extend the design to other n > m settings.
III. THE LDPC BASED RELAYING DESIGN A. THE DESIGN REQUIREMENTS
On the basis of the LDPC based network coded cooperation formulation in Section II.B, now the following Log-SPA decoding [11] can be utilized at every user to restore the m−1 punctured system packets from its own shortened system packet and the m received noisy relay packets by the end of the BC phase in the MWRN.
• Initialization: The message L(q ji ) that the variable node v j transmits to check node c i ∈ C j is initialized by the channel message L(v j ) of variable node v j , where C j represents the set of neighbor check nodes of v j . For AWGN (additive white Gaussian noise) channel, L(v j ) = 2y j /σ 2 , y j is the j-th received noisy symbol, and σ 2 is the noise variance.
•
Step 1: The message L(r ij ) that the check node c i transmits to its neighbor variable node v j is calculated by
where V i is the set of neighbor variable nodes of check node c i ,
e µ −1 , and ϕ −1 (µ) = ϕ(µ) when µ > 0.
• Step 2: The message L(q ji ) that variable node v j transmits to its neighbor check node c i is updated by
• Step 3: The decoding LLR (log-likelihood ratio) message of variable node v j at this iteration is
According to the sign of L(Q j ), we can get the decoding result of the j-th symbol in the codeword. If the iteration number equals to the maximum iteration number or the decoded codeword satisfies all the parity-check equations, stop the decoding; otherwise go to Step 1 to continue the iterative decoding. For those m − 1 punctured system variable nodes, their initial channel messages will be zeros. While the initial channel message of shortened system variable node is infinity. And the iterative message passing among the shortened system variable node, the punctured system variable nodes and the parity variable nodes by the Log-SPA decoding will gradually feed non-zero messages to all m−1 punctured system variable nodes, which is the fundamental philosophy of the LDPC based network coded cooperation design for the reliable multi-way relaying network.
If a punctured system variable node v j receives for the first time non-zero LLR message at the l-th iteration of the Log-SPA decoding, v j is referred to as the l-step-recoverable (l-SR) node, where l ≥ 1 is the recovery level of v j [25] . It should be addressed that, here the recovery just indicates that the punctured system variable node v j receives a nonzero LLR message from its neighbor check nodes for the first time, regardless of whether the nonzero LLR value corresponds to correct decoding or not. Meanwhile, the check node that firstly feeds nonzero message to l-SR v j at thel-th iteration is referred to as thel-level survived check node of v j , wherẽ l ≥ l. Obviously, the l-SR node must have at least one l-level VOLUME 7, 2019 survived check node. According to the Log-SPA decoding, when an l-SR node v j receives nonzero LLR message from itsl-level survived check node c i at thel-th iteration, all other neighbor variable nodes of c i except v j have to be recovered at least in the (l − 1)-th iteration by their other neighbor check nodes [25] . So the recovery order of punctured system variable nodes is that, the recovery of l-SR node at the l-th iteration is assisted by at least one (l − 1)-th SR node, some l -SR nodes as well as unpunctured nodes, 3 where 0 ≤ l < l − 1 [25] , 0-SR node also represents unpunctured node. On the contrary, if a neighbor check node of the punctured system variable node v j sends zero message to v j all the time, it implies that the check node is connected to at least one punctured system variable node that is not recovered at all by its other check nodes. In this case, the check node is referred to as the dead check node of v j . So, the first and basic requirement for the LDPC based network coded cooperation design is that, the network coding design should guarantee that each punctured system variable node at every single user have at least one survived check node. Namely, through iterative decoding, all punctured system packets at each user can be recovered.
Due to different level of survived check nodes, each punctured system variable node v j will obtain quite different reliability message from its survived check nodes. On the basis of thel-level recovery tree, the error probability of the message that is provided by anl-level survived check node c i to the punctured system variable node v j at thel-th iteration over the AWGN channel can be approximated by [25] 
where m u 0 is the mean of the LLR message from the channel to a parity variable node, 4 S(v j ) stands for the number of these parity variable nodes in thel-level recovery tree,
For illustration purpose, we show a 3-level recovery tree of the punctured system variable node v j in Fig.5 , in which v j is connected to its 3-level survived check node c i , and every branch is ended by a unpunctured node, where S(v j ) = 4.
One may readily observe from (5) that, larger S(v j ) implies less reliable message transmitted from thel-level survived check node c i to the punctured system variable node v j in thẽ l-th iteration, because both Q and φ functions are monotonically decreasing. And the higher level survived check node will lead to larger S(v j ) due to the LDGM coding characteristics. In addition, according to the Log-SPA, if the punctured system variable node v j has more survived check nodes, it may be restored with better reliability because more messages will be passed to it when the iterative decoding proceeds. So, the network coded relay packets should be devised in this way 3 In this paper, an unpunctured node is either shortened system variable node or parity variable node. 4 Without loss of generality, we assume the channel LLR message of each parity variable node is independent and identically distributed for simplicity. such that, they can introduce enough more low level survived check nodes for each punctured system variable node at every user. This is the second requirement for the LDPC based network coded cooperation design.
Finally, the third requirement for the LDPC based network coded cooperation design is that, the constructed network coded packets should guarantee that, at least one punctured system variable node is 1-SR node for each user. In this way, other punctured system variable nodes at every user can be recovered one-by-one.
B. THE LDPC BASED NETWORK CODED COOPERATION DESIGN CRITERIA
On the basis of the above three requirements, we can have the following design criteria of the LDPC based network coded cooperation scheme for the MWRN.
• Criterion 1: The LDPC based network coded packets should be generated to make at least one punctured system variable node of every user become 1-SR node.
• Criterion 2: The LDPC based network coded packets should be generated to make each punctured system variable node at every user have at least one survived check node.
• Criterion 3: The LDPC based network coded packets should be generated to provide as many low level survived check nodes as possible for each punctured system variable node.
According to Criterion 1, we should devise the network coded packets to guarantee that, at least one punctured system variable node x j ∈ {x 1 , x 2 , . . . , x m }/{x i } at user i is an 1-SR node. Since the other neighbor variable nodes of 1-level survived check node except the 1-SR node itself are unpunctured nodes, the 1-level survived check node of the 1-SR node x j at user i can be introduced by using the network coded packet x i ⊕ x j , and its neighbor variable nodes are punctured system variable node x j , shortened system variable node x i , and the parity variable node corresponds to the parity relation x i ⊕ x j . One may readily observe that, the network coded packet x i ⊕x j can also make the punctured system variable node x i at user j be an 1-SR node due to symmetry. So, in the BC phase, Table 1 . One may readily observe that, the total number of all possible 1-SR nodes at all users is m = 5, and there are 5 }, each of which can make two punctured system variable nodes from two users become 1-SR node. Now every single punctured system variable node at each user will be associated with 4 out of 10 network coded packets, each of these 4 network coded packets specifies one check node for the punctured system variable node, among which there will be one 1-level survived check node for the punctured system variable node. Now we will specifically show how to construct m network coded packets for the transmission in the BC phase.
• m = 2. m 2 = m(m − 1)/2 = 1 < m, the network coded packet x 1 ⊕ x 2 can make the punctured system variable nodes of 2 users become 1-SR node, which complies with both Criterion 1 and Criterion 2. According to Criterion 3, the other network coded packet should be x 1 ⊕x 2 as well, thus the punctured system variable nodes of the two users have 2 1-level survived check nodes. For illustration purpose, the restoration graph 5 of the punctured system variable node x 2 at user 1 is shown in Fig.6 , where x 2 has two 1-level survived check nodes provided by network coded packets r 1 = x 1 ⊕ x 2 and r 2 = x 1 ⊕ x 2 . Similarly, one may readily have the restoration graph for the punctured system variable node x 1 at user 2.
• m = 3. m 2 = m(m−1)/2 = m, the three network coded packets x 1 ⊕ x 2 , x 2 ⊕ x 3 , and x 1 ⊕ x 3 can make the two punctured system variable nodes of each user become 1-SR node. Meanwhile, every punctured system variable node will have two survived check nodes, among which, one is its 1-level survived check node, and the other is its 2-level survived check node, which complies with the three design criteria. For illustration purpose, the restoration graph for the punctured system variable node x 2 at user 1 is shown in Fig. 7 , where its 1-level 5 In this paper, the restoration graph of each punctured system variable node is defined as a graph which composes of all its recovery trees. survived check node and the 2-level survived check node are c 1 and c 2 , respectively. From Fig. 7 , we can also observe that, the punctured system variable node x 3 at user 1 is also an 1-SR node with 1-level survived check node c 3 and 2-level survived check node c 2 .
• m > 3. Because Because the network coded packet of x i ⊕ x j can make the punctured system variable node x j of user i and the punctured system variable node x i of user j become 1-SR node at the same time, we can select m·2 2 = m network coded packets in the form of x i ⊕ x j and each x i only participates two different network coded packets. Now, the number of 1-SR nodes at each user is 2. For instance, the five network coded packets of Table 1 can be selected for 5-user MWRN, which can make every user have two 1-SR nodes. Then we may proceed with Criterion 2 and Criterion 3. Except the two 1-SR nodes, the other punctured system variable nodes should be made to become low level SR node, and all punctured system variable nodes should connect to more low level survived check nodes. According to the recovery order of the punctured system variable nodes, two (l − 1)-SR nodes can help recover at most two l-SR nodes, because the l-level survived check node of an l-SR node must be associated with at least one (l−1)-SR node, where l ≥ 2. The l-level survived check node of a l-SR node at each user can be introduced by bitwise XORing the l-SR node and one (l − 1)-SR node. In addition, any two users have m−2 common punctured system variable nodes. By that analogy, without loss of generality, the m LDPC based network coded packets can be specifically constructed as 6 One may readily observe that, when m = 2 or m = 3, the LDPC based network coded packets have the same construction form as m > 3. The corresponding LDPC based network coding matrix at the relay in the BC phase can be given by
For each user, every punctured system variable node has two survived check nodes, if one is its l-level survived check node, Please note that the LDPC based network coding matrix only depends on the number of users m, so the relay can directly generate the LDPC based network coded packets by the end of the MAC phase for any scale networks even for dynamic networks.
Example 3: For the 5-user MWRN, the constructed LDPC based network coded packets can be {x 1 ⊕ x 2 , x 2 ⊕ x 3 , x 3 ⊕ x 4 , x 4 ⊕ x 5 , x 1 ⊕ x 5 }, and the resultant LDPC based network coding matrix will be given by 
6 There might be other construction forms to fulfill the design criteria, for example, the five LDPC based network coded packets of 5-user MWRN can also be {x 1 5 } when compared with the following Example 3. The restoration graph of the punctured system variable node x 2 at user 1 when m = 5 is shown in Fig.8 , where its 1-level survived check node and 4-level survived check node are c 1 and c 2 , respectively. We can also find in Fig.8 that x 5 is also an 1-SR node with 1-level survived check node c 5 and 4-level survived check node c 4 , and x 3 and x 4 are 2-SR nodes, their 2-level survived check nodes are c 2 and c 4 , respectively, while both their 3-level survived check nodes are c 3 . Obviously, at user 1, there are two 1-SR nodes, the maximum recovery level of punctured system variable nodes is 2, and every punctured system variable node has 2 survived check nodes. One may readily extend the same analysis to other users.
C. THE PRACTICAL LDPC BASED RELAYING DESIGN
In the LDPC based relaying scheme for the m-user MWRN, each user i sequentially sends its data x i to the relay in the MAC phase, where 1 ≤ i ≤ m. Then the relay detects the received packets, generates m LDPC based network coded packets of {x 1 ⊕ x 2 , x 2 ⊕ x 3 , . . . , x m−1 ⊕ x m , x 1 ⊕ x m } and broadcasts them back to all the users in the BC phase. Obviously, the total time slots for the full message exchange by using the LDPC based relaying scheme is 2m. When the relay broadcasts each network coded packet in the designated time slot, a small bit-map field will be included such that each user is able to recognize how each network coded packet is generated, then the user is able to replicate the corresponding LDPC code and the following parity-check matrix H m .
In the end, the message-passing algorithm decoding (e.g., Log-SPA) can be utilized at each user to restore other m − 1 users' packets by the end of the BC phase. Obviously, the degree 7 of each system variable node is 2 because each punctured system variable node of all users participates two parity-check equations, and there is only one cycle 8 in the Tanner graph and its size is 2m, which can be noted in Fig.6-Fig.8 as well. Therefore, the message-passing decoding algorithm of this LDPC code can be converged at the mth iteration. Let us continue Example 3 to show how the proposed LDPC based relaying scheme works in MWRNs. Example 4: In the MAC phase, each user i sends its information x i to the relay at its designated time slot, where i = 1, 2, · · · , 5. In the BC phase, the relay firstly detects the received information, and then broadcasts the 5 LDPC based network coded packets {x 1 ⊕ x 2 , x 2 ⊕ x 3 , x 3 ⊕ x 4 , x 4 ⊕ x 5 , x 1 ⊕ x 5 } back to the 5 users. Finally, each user replicates the corresponding LDPC code with the following common parity-check matrix H 5 , and performs the message-passing algorithm decoding to restore its missed data. 
The resultant Tanner graph is shown in Fig. 9 , one may readily observe that, the degree of every system variable node is 2, and there is only one cycle with length 10. In addition to the above design criteria for the LDPC based network coded cooperation design of the MWRN, the idea of the QC-LDPC code construction in [27] can be utilized to improve the girth 9 for more strict reliability performance requirement in adverse conditions. In a word, by incorporating the LDPC coding idea into the network coding based MWRNs, the LDPC based relaying scheme offers us an effective method to explore the great potential in realizing distributed error control coding scheme for MWRNs.
In order to avoid distracting readers, we only focus on network coded cooperation performance and disregard the 7 The degree of a node is defined as the number of its connected neighbor nodes. 8 A cycle of length-2l is defined as a closed path that traverses a set of l variable nodes and l check nodes through edges but without going through the same edge twice, where l ≥ 2. 9 The girth is equal to the length of the shortest cycle in a Tanner graph.
channel coding at every individual link in this paper. The failure probability P e of the full information exchange of an MWRN by using the LDPC based relaying scheme can be defined as below [1] ,
wherex i j represents the estimate of x j by user i where j = i, andx i i = x i . The failure probability P e implies that the full information exchange of the MWRN fails if there is at least one user can't restore at least one of other users' data. In the same way, we may define the average individual error probability P ie as follows,
where Pr {(
. . , x m )} represents the restoration error probability at user i and is denoted as P i ie in this paper. E stands for the average over all m users.
It should be addressed that, we do not intend to replace the traditional channel coding scheme for the reliable transmission at every link. Instead, the proposed LDPC based network coded cooperation design and the traditional error control coding scheme at every single user can be integrated into a JNCC (joint network-channel coding) framework [28] , where the channel coding would be an integral part of network coded cooperation in MWRN. Accordingly, an iterative joint decoding can be utilized to fully exploit the benefits of both channel coding and the LDPC based network coded cooperation at each user, If the traditional channel coding scheme is the LDPC coding, the following common joint parity-check matrix H JNCC of the JNCC framework can be readily obtained at each user, where H i LDPC represents the parity-check matrix for LDPC coding utilized by user i. 
It should be addressed that, if different block length codes are assumed, the shorter coded packet should be zero padded to the length of another longer coded packet before being XORed together. For better illustration, the block diagram of the LDPC based network coded cooperation scheme for MWRN can be depicted in Fig. 10 , where s i is the information bits by user i,ŝ i j represents the estimate of s j by user i when j = i,
is the decoded packet of x i by the relay. If there is no channel coding, s i = x i , the JNCC decoder will be reduced to the LDPC based network decoder. From  Fig. 10 , one may readily observe that, the proposed LDPC based network coded cooperation scheme is independent of the specific modulation utilized. Thus we can apply any modulation, for instance, those modulation techniques devised for network coding based system [29] , [30] . In Fig. 10 , the CRC detector is included at relay to make sure that the erroneous reception in the MAC phase will not deteriorate the following BC phase. It should be noted that, now those restored channel codewords are transmitted back to all users in order to retain the channel error correction capability at all users by the end of the BC phase.
IV. NUMERICAL RESULTS
To assess the performance of the LDPC based relaying scheme, we mainly consider the 5-user MWRN, wherein all the communication links between the users and the relay are spatially independent AWGN channels. Without statement, we assume no channel coding because we want to highlight the achieved performance by using the proposed LDPC based network coded cooperation scheme. And in this case, 1 bit length of each data packet is assumed. The binary phase shift keying (BPSK) modulation is employed in both MAC phase and BC phase for simplicity. The Log-SPA decoding is assumed at all participating users with the maximum iteration number of m. In order to ensure statistical confidence, both the failure probability of full information exchange P e and the average individual error probability P ie are measured after observing at least 100 errors for each assessed SNR. Because the reliability of the conventional network coding based relaying scheme is worse than that of the traditional non-network coding based relaying scheme in [6] , only the traditional non-network coding based relaying scheme with the same setup is included for comparison.
If all links between 5 users and the relay have the identical SNR, and the relay can correctly detect all 5 users' FIGURE 11. The P e and P ie of 5-user MWRN, where the links are symmetric, and the relay is assumed to be capable of correctly restoring all source packets in the MAC phase.
source packets in the MAC phase, the realized P e and P ie performances of the LDPC based relaying scheme are illustrated in Fig. 11 . Obviously, the LDPC based relaying scheme noticeably outperforms the traditional non-network coding based relaying scheme, and there is about 3dB gain at P e = 10 −4 . One may readily observe that, the LDPC based network coded cooperation exhibits its great potential in terms of exploiting the inherent error correction capability residing in the network coding based multi-way relaying system. As we can see from Fig. 12 and Fig. 13 , the LDPC based network coded cooperation scheme can always guarantee noticeable reliability performance gain in MWRN with different number of users. At the same time, it can also be noted that, in order to obtain the same reliability performance, larger SNR is needed for MWRN with more participating users. This is because, in the m-user MWRN, the number of restored punctured system packets by each user i is m − 1. When the number of users m is increased, the restoration error probability at user i P i
where P i,j b = Pr{x i j = x j } represents the restoration error probability for source packet x j by user i. 10 Due to symmetric 10 In the non-network coding based relaying scheme, the restoration error probability for different packet by different user is the same due to symmetric channels.
FIGURE 12.
The P e performance of m-user MWRN, where m = 2, 4, 6, the links are symmetric, and the relay is assumed to be capable of correctly restoring all source packets in the MAC phase.
FIGURE 13.
The P ie performance of m-user MWRN, where m = 2, 4, 6, the links are symmetric, and the relay is assumed to be capable of correctly restoring all source packets in the MAC phase. channels, each user will have the same P i ie , so P e = 1 − (1 − P i ie ) m and P ie = P i ie . Therefore, for both the traditional non-network coding based relaying scheme and the proposed LDPC based network coded cooperation scheme, when the number of participated users increases, their reliability performances accordingly degrade. At the same time, for the proposed LDPC based network coded cooperation scheme, more participating users implies that there will be more high step recoverable nodes, as illustrated in Section III.B. Of course, we may consider to further improve the achieved reliability performance of the LDPC based network coded cooperation scheme by allowing more relay packets generated in the BC phase, with some loss in the transmission efficiency. Figure 14 shows the performances of the LDPC based relaying scheme over asymmetric channels, where the link between user 3 and the relay is assumed to have the benchmark link quality (whose SNR is used to represent X-axis), while the link SNR between user 1 and the relay, as well as the link SNR between user 2 and the relay, are assumed to be 3 dB less. On the other hand, the link SNR between user 4 and the relay, as well as the link SNR between user 5 and the relay, are assumed to be 3 dB better. We also assume the relay can correctly restore all source packets in the MAC phase. As expected, the proposed LDPC based network coded cooperation scheme can be utilized in asymmetric MWRN as well. But it must be addressed that, due to the multiple way relaying nature, the difference among all the involved links should not be very serious, otherwise, it is no longer suitable to organize them in one multi-way relaying group. In addition, the LDPC based relaying scheme can be directly used in non-restricted MWRNs, where the links between users may present. Now the number of punctured system variable nodes of each user may decrease because each user may receive other source packets in the MAC phase. In Fig. 15 , we assume that the user 1-user 2 direct link and user 4-user 5 direct link present, and the relay is also assumed to be capable of correctly detecting all source packets. And symmetric links are assumed as well. As expected, now the proposed LDPC based relaying scheme benefits from the decrease in the punctured system variable nodes for an improved reliability performance. At last, let us consider a more serious scenario, in which the error free MAC phase is no longer assumed. All links between users and the relay are still assumed to be symmetric, but the relay cannot correctly restore all the source packets due to the non-ideal transmission in the MAC phase. And this may happen in practical applications when the link between user and relay is not good enough. The achieved P e and P ie performances of the LDPC based network coded cooperation scheme are illustrated in Fig.16 . As expected, the LDPC based network coded cooperation scheme is also superior to the traditional non-network coding based relaying scheme. But the undetected error in the MAC phase may propagate to the BC phase, even we carefully devise the LDPC based network coded cooperation for the BC phase. This suggests us that, when the links between m users and relay are not good enough, the error detection mechanism and the powerful error correction coding should be employed. As shown in Fig. 10 , the relay will try to restore the transmitted codeword by each user. In order to avoid the error propagation incurred in the MAC phase, the error detection mechanism (for instance, CRC check) will be employed to make sure that only those users which can be correctly restored by relay can participate the current multi-way relaying group. In fact, we need an adaptive multi-way relaying scheme according to the underlying link qualities in current multi-way relaying round. In this case, the JNCC design will be recommended to fully exploit the coding gains of both the traditional channel coding in the MAC phase and the proposed LDPC based relaying scheme in the BC phase. In Fig. 17 , we assume that the IEEE 802.11ac standard (648,324) QC-LDPC code [32] is used as the channel coding scheme at all users in the MAC phase. As expected, both the proposed LDPC based relaying scheme and the traditional non-network coding based relaying scheme can realize better reliability than those in Fig.16 . It should be addressed that, the JNCC framework can be further optimized by using the density evolution algorithm in [20] , [31] . Due to limited space, we do not include this extension in this paper.
V. CONCLUSION
In this paper, the LDPC based network coded cooperation design is proposed to improve the transmission reliability performance in MWRNs. By incorporating the LDPC coding idea into the network coding design, the LDPC based relaying scheme offers us an effective method to explore the great potential in realizing distributed error control coding scheme. It is shown that, there are favorable girth and degree properties in the resultant parity-check matrix of the LDPC based relaying scheme at all users. Meanwhile, the total number of time slots of the proposed LDPC based relaying scheme is equal to that of the traditional non-network coding based relaying scheme. And the extension of the proposed design to the JNCC design seems to be a promising solution to the reliable multi-way relaying scheme for adverse channels.
